Australian elapid venom remains an under-investigated resource of novel bioactive peptides. In this study, the venom gland transcriptomes and proteomes of the Australian western brown snakes, Pseudonaja aspidorhyncha and Pseudonaja nuchalis, were compared to Pseudonaja textilis. A deep venomics strategy incorporating high throughput 454 pyrosequencing gave a total of 200,911 raw reads for the three venoms. Subsequent annotation identified 5716 transcripts from 20 different toxin families with inter-specific variation between species observed in eight of the less abundant families. Integration of each venom proteome with the corresponding annotated reads identified 65 isoforms from six toxin families; high sequence coverage highlighted subtle differences between sequences and intra and inter-specific variation between species. High quality MS/MS data identified unusual glycoforms with natriuretic peptides from P. aspidorhyncha and P. nuchaliscontaining O-linked trisaccharides with high homology to the glycosylated region of TNPc. Molecular evolutionary assessments indicated the accelerated evolution of all toxin families with the exception of both natriuretic peptides and P. aspidorhyncha PLA2s that were found to be evolutionarily constrained under purifying selection pressures. This study has revealed a wide range of novel peptide sequences from six bioactive peptide families and highlights the subtle differences between toxins in these closely related species. Biological significance: Mining Australia's vastly untapped source of toxins from its venomous creatures has been significantly advanced by employing deep venomics methodology. Technological advances in transcriptome analysis using next generation sequencing platforms and proteome analysis by highly sensitive tandem mass spectrometry allowed a more comprehensive interrogation of three underinvestigated brown snake (Pseudonaja) venoms uncovering many novel peptide sequences that are unique to these closely related species. This generic strategy will provide invaluable information when applied to other venomous snakes for a deeper understanding of venom composition, envenomation, venom evolution, as well as identifying research tools and drug leads.
Introduction
Snake venoms have evolved over millions of years to rapidly induce profound physiological changes during prey envenomation that results in death and preliminary digestion of the target animal. Elapid venoms contain numerous protein and peptide families that act as enzymes or ligands of membrane bound receptors with agonist or inhibitory mechanisms of action [1] . A number of families, such as the phospholipase A 2 (PLA 2 ) enzymes, and three finger toxins (3FTxs) exhibit conserved structural frameworks that present a broad range of pharmacological effects [2] . Diversity of function within each protein family is a key attribute of snake venom [3] . The proteins normally contain a characteristic, preserved, disulfide rich scaffold that provides high stability, as well as resistance against enzymatic degradation within the venom gland and the prey tissue. These frameworks present amino acid residues in a precise orientation at the surface of the protein, promote the effect of mutations of key residues and provide subtle differences in sequence and conformation. Overall, this translates into a myriad of toxins with a diverse range of biological effects [2] . Moreover, the formation of polymeric (mostly covalently linked) toxin complexes often enhances the binding efficiency toward specific molecular targets compared to their monomeric forms and leads to new pharmacologies [4] . Not only is this variation a result of toxin gene duplication followed by neofunctionalization, but can also be a function of phylogeny, ecology identification still remains limited by reliance on universal protein databases that only provide known annotated protein sequences. This bottleneck is being removed by utilization of next generation transcriptome sequencing platforms (NGS), which allow in-depth analysis of messenger RNA (mRNA) transcripts encoding polypeptide toxins in the venom-producing cells of the venom gland. Integrated venomics techniques are now matching high quality proteome mass spectrometry data to toxin-encoding transcripts isolated from the same tissue thus increasing the likelihood of discovery, identification and sequencing of novel toxins and their isoforms [18] . In the present study, we report the analysis of the venom gland transcriptomes of P. aspidorhyncha, P. nuchalis and P. textilis and integrate high quality MS/MS proteomic data from their crude venoms to delineate full length translated peptides and proteins (Fig. 1 ). This has led to the discovery of numerous novel PLA 2 sequences, three finger toxins, natriuretic peptides and kunitz type serine protease inhibitors that are secreted as the major toxin families within the three brown snake species. The high degree of fidelity between isoforms enabled the identification of intra-and inter-specific variation between these species for the first time. Although this strategy focused on peptide and small proteins less than 16 kDa, fragments from larger toxins such as prothrombin activators were also identified.
Material & methods

Venom and venom gland samples
Venom glands and associated milked venoms from individual adult specimens of P. textilis (Queensland population), P. aspidorhyncha and P. nuchalis were obtained from Venom Supplies Pty. Ltd. Snakes were euthanized 4 days after their last milking and the venom gland dissected and stored in RNAlater™ solution (Qiagen) at −20°C.
mRNA isolation and Roche 454 sequencing
Each tissue was first processed using a rotor-stator homogenizer, and total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Messenger RNA was isolated using the RNeasy mRNA mini kit (Qiagen) protocol and quantified using a nanodrop spectrophotometer. Samples of 200 ng of mRNA were submitted to the Australian Genomic research Facility (AGRF) for cDNA library construction and sequencing using a Roche GS FLX Titanium platform. Fig. 1 . Flow diagram of the transcriptome and proteome analysis procedure. Venom gland of each Pseudonaja species was homogenized and enriched for mRNA. The cDNA library was constructed using 454 sequencing on a Roche GS FLX Titanium platform with a ¼ plate. An in-house stepwise algorithm was used to identify Blastp and SignalP 4.0 hits from the raw reads. Crude venom of each species was fractionated using RPHPLC then reduced/alkylated and trypsin digested for analysis by ESI LC-MS/MS. The high quality spectral data was matched to the transcriptomes sequences using ABSCIEX ProteinPilot 4.0 software.
RP-HPLC fractionation
Crude venom from each species (1.0 mg) was dissolved in 0.5% trifluoroacetic acid and fractionated using a Phenomenex C18 (4.6 mm × 250 mm 5 μm 300 Å) column. The column was fitted to a Shimadzu LC-20 AT HPLC system and UV absorbance monitored at 214 nm and 280 nm. A linear gradient of 0.5% min − 1 at flow rate 1.0 mL min −1 was utilized with 0.043% trifluoroacetic acid/90% acetonitrile as elution buffer B and 0.05% trifluoroacetic acid as buffer A. Fractions were collected across the entire elution range based on eluent absorption at 214 and 280 nm; freeze dried and stored at −20°C.
Reduction/alkylation and tryptic digestion
Lyophilized fractions were resuspended in 100 μL ultrapure water. A volume of 45 μL was removed from each HPLC fraction and 5 μL of 1.0 M ammonium carbonate (pH 11) was added. A cocktail of 50 μL solution containing 97.5% acetonitrile, 2% iodoethanol, and 0.5% triethylphosphine (v/v/v) was used as the reduction/alkylation buffer. Samples were incubated for 120 min at 37°C and subsequently dried in a vacuum concentrator. A 100 μL formic acid solution (0.1%) was added to each fraction, from which 50 μL were removed, and freeze-dried prior to trypsin digestion. Each fraction was reconstituted in 100 mM ammonium carbonate (pH 8.5), before addition of trypsin (1.0 mg/mL in 1.0 mM HCl) in a protease:peptide ratio of 1:20. Samples were then incubated overnight at 37°C.
uHPLC and nano electrospray ionization HPLC-ESI-MS-MS/MS
P. textilis and P. aspidorhyncha fractions were reconstituted in 0.1% formic acid solution. The extracts were analyzed by uHPLC-MS/MS on a Shimadzu Nexera uHPLC (Japan) coupled to a Triple TOF 5600 mass spectrometer (ABSCIEX, Canada) equipped with a TurboSpray ion source. Aliquots (2 μL) of extracts were injected onto a 2.1 mm × 100 mm Zorbax SB 300 Å C18 1.8 μm column (Agilent) at 250 μL/min. For uHPLC analyses the ion-spray voltage was set to 5300 V, declustering potential at 100 V, curtain gas flow for both GS1 and GS2 set at 50, nebulizer gas 1 at 12 and GS2 heater at 500°C.
P. nuchalis fractions were analyzed by nano HPLC-MS-MS/MS on a Shimadzu Prominance Nano HPLC (Japan) coupled to a Triple TOF 5600 (Hybrid Quadrupole-TOF) mass spectrometer (Framingham, MA, USA) equipped with a nano electrospray ion source. 2 μL of each sample was injected onto a 50 mm × 300 μm C18 trap column (Agilent) at 60 μL/min. The trap column was then placed in-line with the analytical Agilent nano HPLC column (150 mm × 100 μm (ID) C18, 3.5 μm 300 Å) for mass spectrometry analysis at 500 nl/min. For nano HPLC analyses the ion-spray voltage was set to 2000 V, declustering potential at 100 V, curtain gas flow at 25, nebulizer gas 1 at 12 and interface heater at 150°C.
For both nano and uHPLC, solvent A consisted of 0.1% (v/v) formic acid and solvent B contained 90% (v/v) acetonitrile, 0.1% (v/v) formic acid in water. Linear gradients of 1-40% solvent B over 25 min were used for protein elution.
For both nano and uHPLC analyses the mass spectrometer acquired 250 ms full scan TOF-MS data followed by twenty 100 ms full scan product ion acquisitions in an Information Dependent Acquisition (IDA) mode. Full scan TOF-MS data was acquired over the mass range of 300-2000 Da and for product ion ms/ms 80-2000 Da. Ions observed in the TOF-MS scan exceeding a threshold of 150 counts and a charge state of + 2 to + 5 were set to trigger the acquisition of product ion, ms/ms spectra of the resultant 20 most intense ions. The data was acquired and processed using Analyst TF 1.5.1 software (Framingham, MA, USA). Interpretation of spectral data for de novo sequencing was performed manually, aided by both Analyst TF 1.5.1 and ProteinPilot 4.0 software (Framingham, MA, USA).
Proteomic data analysis
Reconstruction of native LC-ESI-MS data was achieved by utilizing Analyst TF 1.5.1 LCMS and Bayesian peptide reconstruct BioTools (Framingham, MA, USA). The mass range was set between 1000 and 16,000 Da with mass tolerance set to 0.2 Da and S/N threshold set to 10. Manual inspection of reduced/alkylated and tryptic digest LC-ESI-MS and MS/MS data was carried out using the same parameters.
Bioinformatics
Each data set of reads was treated independently by a step-wise algorithm developed in-house. Initially, cDNA sequences were translated into 6 reading frames using the universal genetic code, and the coding regions were isolated in order to retrieve full-length precursor protein sequences. To annotate the transcriptome reference databases, these sequences were submitted to BLASTp (NCBI-BLAST-2.2.28+ package) for similarity searches, using the BLOSUM62 scoring matrix, against the last update of the reviewed UniProtKB-SwissProt database [19] . BLAST hits showing e-value similarity score b 10 have been sorted into a group named "blast+" (query sequences with score above this threshold or for which no similarity was found have been tagged as "blast−"). Each group of sequences was submitted to SignalP 4.1c program (using the default D value cutoff) to detect the presence of a potential Nterminal signal region, based on the recognition of consensus eukaryotic cleavage sites [20] . The 4 groups thus created ("blast + _signal +", "blast + _signal −", "blast −_signal +", and "blast −_signal −") have been matched to LC-ESI-MS/MS data of the respective snake species (as described above) using ABSCIEX ProteinPilot 4.0. Only LC-ESI-MS/ MS spectral data with a matching confidence value ≥ 99% were used for subsequent analysis. Biological modifications, amino acid substitutions and post-translational modifications including amidation, deamidation, hydroxylation of proline and valine, oxidation of methionine, carboxylation of glutamic acid, cyclization of N-terminal glutamine (pyroglutamate), bromination of tryptophan, and sulfation of tyrosine and N linked and O linked glycosylation were predicted by ABSCIEX ProteinPilot 4.0 software. Glycosylation (O-and N-linked) parameters in the paragon algorithm were manually set to 1% in anticipation of glycosylated proteins that have previously been discovered in Pseudonaja venom [11, 1] . Finally, precursor protein sequences containing a signal region have been sorted according to the molecular function of their corresponding BLAST hit, then aligned with CLUSTALW (BLOSUM cost matrix, gap open and extension penalties of 10 and 0.1 respectively). In this study, only sequences showing a similarity score (e-value) ≤ 10 − 4 when compared to their respective BLAST hit were reported.
Selection analyses
Maximum-likelihood models [21] implemented in Codeml of the PAML package [22] were utilized to assess the influence of natural selection on various Pseudonaja toxin families examined in this study. Site-specific models, which estimate positive selection statistically as a non-synonymous (dN) to synonymous (dS) nucleotide-substitution rate ratio (ω) significantly greater than 1, were employed [23] . As no a priori expectation exists, we compared likelihood values for a pair of models with different assumed ω distributions: M7 (β) versus M8 (β and ω). The results are considered significant only if the alternative model (M8) that allow sites with ω N 1 shows a better fit in Likelihood Ratio Test (LRT) relative to its null model (M7), which does not allow sites with ω N 1. LRT is estimated as twice the difference in maximum likelihood values between nested models and compared with the χ 2 distribution with the appropriate degree of freedom -the difference in the number of parameters between the two models. The Bayes empirical Bayes (BEB) approach [24] was used for identifying sites experiencing positive selection by computing the posterior probabilities that a particular site belongs to a given selection class (neutral, conserved or highly variable). Sites with greater posterior probability (PP ≥ 95%) of belonging to the 'ω N 1 class' were inferred as positively selected. FUBAR [25] implemented in HyPhy [26] was used to identify sites evolving under the pervasive influence of diversifying and purifying selection pressures. MEME [27] was used for detecting sites that experience episodic influence of diversifying selection. Sequence data sets were screened for recombination events using the Single Breakpoint Algorithm [28] of the HyPhy package [26] . When recombination breakpoints were detected, each recombinant was allowed to have independent phylogenies, prior to conducting selection analyses [28] .
Results
Venom gland transcriptome analysis
The three venom gland transcriptomes of Pseudonaja species were sequenced using the Roche GS-FLX XLR70 titanium system. We obtained 60,674 (381.61 bp on average; N50 = 457), 83,944 (379.75 bp; N50 = 459) and 56,293 (381.84 bp; N50 = 455) reads for P. textilis, P. aspidorhyncha and P. nuchalis, respectively (Table 1) . A highthroughput algorithm developed in-house was designed to isolate the coding region(s) of the raw read and to remove the duplicates (nucleic acid sequences lacking start and/or stop codon(s) were discarded in order to keep only full-length precursor protein sequences). The program identified BLASTp and SignalP hits from these coding sequences. This pipeline reduced 55.7% (33,769 -P. textilis), 38.6% (32,419 -P. aspidorhyncha) and 40.5% (22,783 -P. nuchalis) sequences of the initial number of cDNA reads, leading to a total of 5716 reads identified as toxins (2231-19% of the total reads for P. textilis; 3051 -21% of the total reads for P. aspidorhyncha; 3115 -29% of the total reads for P. nuchalis) (Fig. 2) , with an average sequence length of 251.66 bp (252.03 bp/N50 = 258 for P. textilis; 249.04 bp/N50 = 255 for P. aspidorhyncha; 253.91 bp/N50 = 261 for P. nuchalis) ( Table 1) . We also successfully identified housekeeping protein transcripts that made up 56% (P. textilis), 52% (P. aspidorhyncha) and 47% (P. nuchalis) of the total processed reads (Fig. 2 ). Only 25% (P. textilis), 27% (P. aspidorhyncha) and 24% (P. nuchalis) of the reads could not be annotated (Fig. 2) . The N50 and N90 values for the raw reads and processed toxins of the three transcriptomes (Table 1) as well as average Phred + 33 quality scores of N30 [29] , indicated that the processed transcripts could be utilized for small peptide and protein identification from each venom proteome. For cysteine-rich secreted proteins (CRVPs), reads were manually assembled to the complete precursor with both reads containing methionine as the first residue.
A closer inspection of the annotated toxin transcripts isolated from these three Pseudonaja species allowed us to classify them into 20 known families of snake venom proteins with some precursors markedly more abundant than others (Fig. 2 ). As expected, P. textilis typically showed high expression of toxin transcripts involved in the biosynthesis of coagulation factors, PLA 2 s, 3FTxs, natriuretic peptides, kunitz type serine protease inhibitors and CRVPs [11] . Both P. aspidorhyncha and P. nuchalis showed similar higher levels of toxin expression for these families compared to P. textilis, especially coagulation factors, PLA 2 s and venom nerve growth factors whereas low levels of CRVPs were observed for P. nuchalis; and high proportions of Type II and III α-neurotoxic 3FTxs were observed for P. aspidorhyncha (Fig. 2) . However, inter-specific variation was evident in the low abundant transcriptome families of vespryn, CVF-like, calglandulin, calmodulin, acetylcholinesterase, cystatin and waprins as well as the previously mentioned CRVPs (Fig. 2) . For example, transcripts from vespryn, CVFlike, cystatin and waprins were observed in P. textilis only (Fig. 2) . Interestingly, there was no evidence of transcripts for PLA 2 inhibitors previously reported for P. nuchalis [11] .
Transcript sequences not identified by the BLASTp search ("unidentified sequences") were also compared between species. Of the 9508 cysteine rich and linear sequences, 4.82% contained a signal region. Identical sequences present in all three transcriptomes constituted 1.92% of these transcripts, while sequences with an exact match within 2 venoms made up 4.96% of total unidentified sequences. A number of non-annotated sequences were represented by a high number of reads and the exact cysteine rich and linear sequences were identified in either two or three venom transcriptomes (Table S1 ). While the SignalP 4.1c program did not identify a signal peptide in these sequences, they may suggest a new type of housekeeping protein or toxin.
Proteome analysis of Pseudonaja venoms
Venoms used for mass spectrometric analysis were milked from the same specimens that the venom gland transcriptome data was obtained. A comprehensive analysis of the crude venom was undertaken commencing with RP-HPLC fractionation. Each of the fractions was reduced, alkylated, trypsin digested and subsequently analyzed using LC-MS/MS. The chromatography profiles were similar between venoms with multiple peaks dominated by 7-8 large fractions (Fig. S1 ). High quality MS/ MS spectra were submitted to ProteinPilot 4.0 software to identify proteins and polypeptides using the corresponding venom transcriptomes as the reference database. Only peptides showing ≥99% matching confidence from the ProteinPilot analysis were used. The sequences were then aligned with known proteins using ClustalW. All matched MS/MS data were manually checked (Table S3) .
Proteomic data was matched to the corresponding transcriptomes and placed in toxin superfamilies before being clustered and aligned with each other to highlight sequence similarities. We identified 65 isoforms of PLA 2 s, 3FTxs, Kunitz type protease inhibitors, nerve growth factors, cysteine-rich secretory proteins and natriuretic peptides in all three venoms (Table S3 ). An additional eight toxin sequences were identical to those reported in the literature. From P. textilis venom, 22 (1.0%) toxin isoforms (including those previously identified in the literature) were matched to the 2231 toxin transcripts; from P. aspidorhyncha venom, 27 (0.9%) complete isoforms were matched to the 3051 toxin transcripts and from P. nuchalis venom, 23 (0.7%) complete isoforms were matched to the 3115 toxin transcripts. From the four toxin groups identified, sequence coverage ranged from 12.8% in acidic PLA 2 to 100% coverage in 3FTxs, kunitz type protease inhibitors and natriuretic peptides (Table 2) . Moreover, apart from basic PLA 2 sequences, a total of 48 isoforms showed greater than 80% sequence coverage are described (Table 2 ). In addition, coagulation factors Xa and Va, as well as CRVPs, were identified in all three venoms, while venom nerve growth factor was only identified in the proteome of P. nuchalis.
Three finger toxins
Members belonging to this toxin superfamily are typically structured with three distinct β-stranded loops extending from a disulfide rich hydrophobic core [30] . α-Neurotoxic 3FTxs may be of Types I and III (short-chain) composed of 60-62 residues with 4 disulfides or Type II (long-chain) α-neurotoxin 3FTx composed of 66-74 residues and 5 disulfide bonds. While Type III 3FTx are poorly characterized, both Type I and Type II 3FTx are well-characterized and antagonize neuromuscular nicotinic acetylcholine receptors (α1 nAChRs) whereas only Type II block neuronal nicotinic acetylcholine receptors (α7 nAChRs) [31] . Proteomic analysis allowed us to identify Type III isoforms containing 4 disulfide bonds. The alignment of the identified Type III 3FTxs, compared with known homologs, showed variation in the exposed loops between the three species, but also intra-specific variation in P. textilis (Fig. S2) . Generally, the isoforms could be segregated into two clusters; one cluster was closely aligned to 3FTx-Oxy6 (UniProt accession number A7X4T2) and the other aligned to P. textilis Type III SNTX8 (UniProt accession number A8HDK1) (Fig. S2) . The isoforms aligned to 3FTx-Oxy6 contained 81 residues with at least 85% similarity between sequences (Fig. S2) . However, greater variation was observed between the isoforms aligned to P. textilis Type III SNTX8 (UniProt accession number A8HDK1) with similarity between sequences as low as 55%. All sequences contained the customary 8 cysteine residues that form the 4 disulfide bonds apart from three sequences (one from each species) that contained nine cysteine residues (Fig. S2) . Interestingly, the additional cysteine residue is located at the same position of the first cysteine of the loop 2 disulfide observed in Type II 3FTxs. 3FTxs with odd number of cysteines have traditionally been associated with complex formation (e.g. irditoxin [32] ) and not linked to receptor binding through a covalent bond. A number of type III postsynaptic neurotoxins from P. textilis were partially characterized showing they antagonize muscle nAChRs in mice though with reduced binding constants compared to other 3FTxs [33] . The functional residues from Type III neurotoxins are yet to be identified.
The Type II 3FTx toxins identified in the three venom proteomes generally showed sequences that contain five disulfide bonds (Fig. S3) . However, three sequences displayed nine cysteine residues, Fig. 2 . Transcriptome profiles of P. nuchalis, P. aspidorhyncha and P. textilis. A) Processed transcript reads were submitted to Blastp from the NCBI-BLAST-2.2.28+ package for similarity search of toxin and non-toxin proteins (house-keeping proteins) against the UniProtKB-SwissProt database then analyzed for the presence of a signal peptide using SignalP 4.1c. 'Unidentified sequences' could not be confidently aligned by Blastp. B) Toxin transcriptome profiles of P. nuchalis, P. aspidorhyncha and P. textilis. Transcripts identified as toxins were split into 20 families and relative abundances expressed as number of reads. PLA2, phospholipase A2 enzyme; 3FTx, three finger toxin; 5'NUC, 5′-nucleotidase; ADAM, a disintegrin and metalloproteinase; CVF-like, cobra venom factor-like; PDI, protein disulfide isomerase. including LNTX-2 from P. textilis with a truncated C-terminus. Sequences from P. textilis and P. nuchalis are homologous to P. textilis LNTX 1 (UniProt accession number A8HDK6), thereby lacking the characteristic disulfide in the 2nd loop, a hallmark of some Pseudonaja Type II 3FTxs [34] . The fifth disulfide in the 2nd loop, that sustains α7 nAChR binding activity, is present in the remaining sequences. Moreover, functional residues of Australian elapid Type II neurotoxins (UniProt accession number A8HDK6 (P. textilis) and Q45Z11 (O.s. scutellatus)) have been identified between residues Trp47 and Arg58 (Trp47, Asp49, Phe51, Arg55, Arg58) of loop 2 of the precursor protein [34] . Trp47 and Arg55 are common to all Type II isoforms in this study with variation observed at residue positions 49, 51 and 58 (Fig. S3) . Selection analyses of three-finger toxins highlighted the rapid evolution of this toxin type within Pseudonaja spp. Computed ω values were in the range of 1.56 to 5.81 for Type II and Type III toxins from various Pseudonaja spp. (Table S2 ), exemplifying the rapid evolution of these toxins [30] . Further, several positively selected sites (ranged between 4 and 32) were identified in these toxins types (Table S2) . A significant influence of episodic diversifying selection was also identified (Table S2 ).
Kunitz peptides
Members of this ubiquitous protein family are between 57 and 60 amino acids long and characterized by the presence of three disulfide bonds in a specific cysteine rich motif [35] . Kunitz inhibitors bind to the active sites of serine proteases in a substrate-like manner, through an exposed binding loop that mimics the enzyme substrate [36] . Generally, a positively charged P1 residue (arginine or lysine) denotes trypsin inhibition [37] . Where P1 is a tyrosine, leucine or phenylalanine residue (i.e. large hydrophobic) chymotrypsin inhibition is observed, whereas valine or isoleucine in position P1 (i.e. small hydrophobic residues) enables elastase inhibition [37] . Seven kunitz type serine protease inhibitor isoforms have previously been identified in P. textilis venom that show variation in the P3-P3′ motif [38] . Textilinin-1 and -2 showed plasmin inhibition with both peptides containing an arginine residue at P1 while textilinin-3 (P1-asparagine) showed no inhibition [39] . Overall, the protease inhibitor isoforms identified here from the Pseudonaja venoms show a high degree of similarity to previously discovered textilinins from P. textilis, as well as a high conservation rate of their cysteine residues [40] . The sequences identified in this study share at least 64% identity. Comparison of the signal peptide regions showed significant variations between isoforms with two isoforms exhibiting an extended sequence that were not identified as signal peptides by SigP (Fig. 3) . Inter-specific variation is evident in the P3-P3′ domain as well as the hairpin turn between beta sheets (residues 66-70) of all isoforms (Fig. 3) . Textilinin-1,-2,-3 and -4 from a previous report [38] were identified in this study, as well as two more (textilinin -8 -9; both P1 is aspartate) isoforms highlighting intra-specific variation within the species. Crystal structures of textilinin-1 with microplasmin showed that the unique P3-P3′ motif (Pro15-Cys16-Arg17-Val18-Arg19-Phe20) was involved in the inhibition activity with the side chain of Arg17 fitting in the S1 pocket from the S3-S3′ sites of microplasmin [41] . An alignment of the kunitz peptides isolated in this study with textilinin-1 demonstrates that aspidorynchin-1 (P. aspidorhyncha) has the same P3-P3′ motif but shows variation in the primary structure (Fig. 3) . Interestingly, nuchalinin-1 (P. nuchalis) has a similar P3-P3′ motif as textilinin-1 except for lysine replacing Arg-19 (Fig. 3) . As textilinin-1 is an experimental drug (Q8008, Venomics Pty Ltd.) being trialed as an aprotinin replacement, these isoforms may provide drug leads as novel anti-bleeding agent for patients undergoing surgical procedures [42] .
Kunitz peptides were also found to be rapidly evolving with the computed ω in the range of 1.54-6.81 (Table S2) . While the BEB approach identified 9-16 sites as positively selected within this toxin type, MEME identified several toxin types as experiencing episodically adaptive selection (Table S2) .
Natriuretic peptides
Natriuretic peptides found in snake venom are structurally similar to those found in mammals (ANP, BNP, CNP) and contain a 17 membered ring stabilized by one disulfide bond [43] . They are synthesized as prepro-hormones and undergo proteolytic cleavage of the propeptide by serine proteases to produce the mature natriuretic peptide [44, 45] . The effects of these peptides are widespread and include regulation of blood volume, blood pressure, ventricular hypertrophy, pulmonary hypertension, fat metabolism and long bone growth in response to a number of pathological conditions [46] . In this study, the natriuretic peptide transcripts identified from the Pseudonaja proteomes also exhibit the typical 17 membered ring (Fig. 4) . These isoforms can be segregated into two clusters that differ by a 3-residue (Lys-Val-Ala) insertion at the N-terminus of the mature peptide (Fig. 4) . Residues Phe8, Arg14 and the C-terminus of ANP are important for binding and inducing natriuresis and diuresis effects [47] . One of the identified clusters contains the functionally important arginine residue while the other cluster has this residue replaced by histidine. Similar sequences have shown that the substitution of arginine by histidine was a contributing factor to the decrease of cGMP concentration in HEK293 cells overexpressing rat NPR-A [48] . Here we observe that the conserved functional Phe residue, Phe10/13, is present in all sequences. Additionally, fragments of the propeptide region of the P. nuchalis natriuretic peptide, PnNPa, were expressed in the proteome (Fig. 4) . Natriuretic peptide precursors from viper venoms are proteolytically cleaved into natriuretic peptides and proline rich bradykinin potentiating peptides that have been shown to inhibit angiotensin converting enzyme (ACE) [49] . Likewise, propeptides isolated from Psammophis mossambicus snake venom metalloproteases (SVMP) were shown to inhibit mammalian α7 neuronal nicotinic acetylcholine receptors [50] . Hence, while the natriuretic peptide propeptides isolated in this study do not show homology to the propeptides from viper natriuretic peptide and SVMP precursors described, they may represent potential novel pharmacology.
From the MS/MS data, the natriuretic peptide from P. aspidorhyncha and P. nuchalis contains glycosylated residues. Marker ions corresponding to hexose-N-acetyl hexosamine (204 Da; 366 Da) and sialic acid (292 Da; dehydrated 274 Da) were observed on the native and tryptic MS/MS spectra containing the proline rich C-terminal sequence (Fig. S6) . The marker ions were observed for P. aspidorhyncha and P. nuchalis (PasNPa, PasNPb, PnNPa) natriuretic peptides containing the fragment sequence LDHIGTL/SSGMGCNWPV/AQNRPK/NPTPAGS (Fig. 4) . As the only potentially N-linked motif (Asn-X-Ser/Thr, X ≠ Pro) contains a proline residue, it is likely that glycosylation is Olinked as observed with TcNPa. TcNPa is a similar novel natriuretic peptide isolated from the venom of Tropidechis carinatus but with a disaccharide (galactosyl-β(1-3)-N-acetylgalactosamine (Gal-GalNAc)) O-linked to the C-terminal threonine residue. The synthetic glycosylated and non-glycosylated (TcNP-ng) variants both displayed bifunctionality to NPR-A and NPR-B receptors with similar EC 50 values suggesting the O-linked glycan is not directly involved in receptor binding. Likewise, NMR structural analysis and stability testing did not infer a structural role for the glycan [51] . Interestingly, the glycosylated region in the C-terminus of TcNPa (−PKPTPGG) is highly similar to the corresponding regions of PasNPa, PasNPb and PnNPa (−PK/NPTPAGS) indicating the threonine residue of these isoforms may be O-linked glycosylated.
Unlike any other toxin type examined in this study, the evolutionary assessment of natriuretic peptides revealed a strong influence of negative selection, similar to what has been previously observed for lizard venom forms [52] . The computed ω was 0.85, while the BEB approach failed to identify positively selected sites (Table S2) . Similarly, MEME failed to identify sites experiencing episodic influence of adaptive selection (Table S2) . Thus, natriuretic peptides seem to have evolved under the constraints of negative selection.
PLA 2 toxins
Elapid venom is known as a rich supply of PLA 2 enzymes that exhibit a broad range of pharmacological effects [53] . They are subgrouped into group IA or group IB depending on the presence of a characteristic elapid or pancreatic loop respectively; the elapid loop form contains a five amino acid deletion [54] . Generally, most elapid PLA 2 belong to group IA though some PLA 2 toxins from Oxyuranus microlepidotus, Pseudonaja textilis and Notechis scutatus have been classified as group IB PLA 2 [55] . It must be noted that the IA/IB division is artificial as the pancreatic loop has been lost on multiple occasions [14] .
In this investigation, numerous group 1 PLA 2 isoforms were identified in all venom proteomes. These were grouped into acidic and basic forms with all forms containing the functional residue Asp49, which is characteristic of group 1 PLA 2 s. The acidic forms are subdivided into three groups (textilotoxin chain C, textilotoxin chain D, acidic PLA 2 1 (UniProt accession number Q9W7J4), which show inter-specific variation (47.5% similarity) across all sequences (Fig. 5) . They are dominated by PLA 2 s that contain the pancreatic loop though we also observed PLA 2 s similar to textilotoxin chain C (Uniprot accession number P30811) containing the elapid loop (Fig. 5) . Intra-specific variation was observed for P. textilis: two PLA 2 1 (Uniprot accession number Q9W7J4) homologs with variation at the C-terminus and isoform PLA 2 3 were observed. Generally, all sequences contained seven disulfide bonds though four sequences contained 13 cysteine residues due to variation at the C-terminus. All isoforms of textilotoxin chain D contain the extra cysteine residue at the N-terminus responsible for the covalently linked dimer that contributes to the quarternary structure of the complex [56] . Likewise, the signal peptide and propeptide regions showed a high degree of similarity (Fig. 5) .
Basic PLA 2 s were also identified in all venoms. The sequences were homologous to the A and B chains (P23026 and P23027 UniProtKB accession numbers respectively) of textilotoxin. As well, their signal peptides were very similar with the exception of textilotoxin chain A homolog from P. aspidorhyncha that has a 6 residue insertion (Fig. S4) . The two textilotoxin chain B homologs from P. aspidorhyncha could not be separated by unique peptide evidence (Fig. S4) . We also observed that the proteins contain either 13 or 14 cysteine residues. Textilotoxin chain A homolog from P. aspidorhyncha C-terminus is truncated resulting in 13 cysteine residues (Fig. S4) . While PLA 2 s with odd number of cysteines have been discovered in snake venom before, including the D chain of the complex textilotoxin, most have been associated with forming covalent complexes with other molecules [4] . All four chains of the highly toxic textilotoxin (A, B, C and D) were identified in P. textilis, P. aspidorhyncha and P. nuchalis venoms.
For both acidic and basic PLA2s from this study, the Ca 2+ binding
is relatively conserved, and with Asp49, form the bipyramidal cage for Ca 2+ ; an important cofactor for catalysis [57] . The PLA 2 enzymatic active motif (CCxxHDxCx; Position 44-52) that includes the active site dyad His48 and Asp99 is also relatively conserved. However, as previously reported, a number of sequences aligned to PLA2 1 from P. textilis (UniProt accession number Q9W7J4) have Tyr28 and Tyr52 substituted by phenylalanine residues that may contribute to reduced enzymatic activity [55] (Fig. 5 ).
Molecular evolutionary assessment provided fascinating insights into the evolution of PLA 2 s in Pseudonaja spp. While PLA 2 s in P. nuchalis and P. textilis experienced a significant influence of positive selection (ω of 2.04 and 2.20, respectively), PLA 2 s in P. aspidorhyncha evolved under the constraints of negative selection (ω = 0.37) (Table S2) . While BEB approach identified as many as 34 and 45 positively selected sites in P. nuchalis and P. textilis, respectively, it failed to identify such sites in PLA 2 s of P. aspidorhyncha (Table S2) . However, MEME identified eight sites in PLA 2 s of this species as experiencing short bursts of adaptive selection (Table S2) .
3.7.
Other venom toxins -factor X, factor V, venom nerve growth factor and CRVP Coagulation factors have been discovered in many snake species and are functionally classified into four groups based on cofactor requirements. P. textilis is known to contain the group C prothrombin activators consisting of the serine proteinase factor Xa, non-covalently linked to the non-enzymatic cofactor Va, while combining with Ca 2+ and phospholipids to make up the prothrombinase complex [58] . This large complex (N250 kDa) is involved in the cleavage of prothrombin to thrombin and causes severe hemostatic unbalance upon envenomation [9] . Here we noticed that mRNA-encoding coagulation factors were the most highly expressed transcripts in all three Pseudonaja transcriptomes, counting 1094 (49.0% of toxin transcripts), 1087 (35.6% of toxin transcripts) and 1425 (45.7% of toxin transcripts) for P. textilis, P. aspidorhyncha and P. nuchalis respectively. Peptides were characterized from both prothrombin activator sub-units in all three venoms with the exception of P. nuchalis showing no peptide evidence of factor Xa chain (Table S3) . Peptides from the coagulation factor X isoform 2 (UniProt accession number Q1L658); known to be expressed in the liver tissue but also expressed in the venom gland of Queensland Pseudonaja populations were identified in P. textilis and P. aspidorhyncha [59, 60] . Transcript evidence for venom nerve growth factor fragments was observed in all venoms. However, only 9 transcripts were identified in P. textilis, whereas 18 were found in P. aspidorhyncha and 83 in P. nuchalis. Protein evidence from the propeptide and mature protein was observed from the P. nuchalis nerve growth factor (Table S3) . Similarly, while P. textilis and P. aspidorhyncha contained 98 and 159 transcripts of CRVPs respectively, only one was observed in P. nuchalis. Evidence of CRVP protein expression was retrieved in P. textilis (51.9% mature protein sequence coverage) and P. aspidorhyncha (75.2% mature protein sequence coverage) (Fig. S5) . The P. textilis CRVP is identical to the reported sequence while the P. aspidorhyncha isoform shows two substitutions within this sequence. Both CRVPs expressed the short propeptide sequence.
Discussion
Using next generation sequencing in combination with sensitive and powerful mass spectrometry we compared the protein toxin repertoires of two western brown species, P. aspidorhyncha and P. nuchalis and the eastern brown, P. textilis, with an emphasis on polypeptides b 16 kDa. In the past, Australian snake venoms have been under-investigated with a focus on the medically important snake venoms and the more abundant toxins identified through low throughput technologies employed at the time. The majority of this research has centered on antivenom investigation, but as the last 20 years of research has shown, snake venom also provides insights into evolutionary and ecological adaptations and is a largely untapped source of compounds with potential as research tools or therapeutics [2] . The advent of high throughput NGS platforms (transcriptomic data) and highly sensitive and accurate mass spectrometry (proteomic data) has driven the growth of analytical techniques to a depth and refinement that is both rapid and relatively cost effective [61] . This has led to an increased number of 'proteotranscriptomic' studies of venoms of different genera utilizing different NGS systems and mass spectrometry platforms; the latter being pivotal in providing an accurate picture of venom composition. Nevertheless, de novo sequencing of cDNA can suffer from erroneous assembly, especially if there is no reference genome as a template, which is the case for nearly all snake venoms. Likewise, studies utilizing public databases and/or venom milked from multiple specimens risk overestimating the number of isoforms identified because they are unable to distinguish between different toxin family members due to protein similarity [61] . As Pseudonaja venom is known to comprise an abundance of components b 16 kDa, we chose to utilize only the reads from the 454 pyrosequencing of the three venoms to avoid the vagaries associated with assembly processing of the data [62] . Using the whole venom and venom glands from the same specimen with integration of the annotated transcripts and high quality MS/MS data from the venom proteome led to the identification of 65 isoforms from six snake toxin families. By using a specimen-specific proteotranscriptomic strategy, we were able to attain up to 100% sequence coverage in all toxin families (b 16 kDa) except for PLA 2 (96.6%). A study using Illumina NGS and the highly sensitive LTQ orbitrap MS/MS data on Protobothrops flavoviridis and Ovophis okinavensis from the tissue of the same specimens achieved similar sequence coverage to this study (PLA 2 1-98.3%) [63] . To illustrate the difference between species specific and specimen specific sequences, an Illumina assembly of Crotalus adamanteus produced 123 unique full length toxin transcripts with the toxin sequences accounting for 35.4% of total reads [64] . This Illumina transcriptome was used as the database in a subsequent study to match the venom proteome of the same species resulting in identifying 36 toxins based on unique peptide evidence [65] . However, 19 different proteins from the same toxin family could not be differentiated due to protein similarity and mass spectrometry limitations [65] . Hence, the contrasting results between species specific and specimen specific studies are not only dependent on the quality of MS/MS data utilized, but more so, correlating the transcriptome and proteome from the same specimen allows for accurate and extensive integration between the two 'omics'. This approach can be valuable when analyzing venom for drug mining, research tools, or anti-venom and evolutionary research.
The high level of proteomic sequencing of the transcript isoforms highlighted intra-(P. textilis) and inter-specific variation within the venoms. Three populations of P. textilis are recognized (Queensland, South Australia and southern New Guinea) [16] with variation in venom procoagulation and neurotoxin components and potency reported previously between Queensland and South Australian populations [59, 66] . LC-MS analysis of the South Australian venom sample revealed postsynaptic α-neurotoxins, including type II (UniProt accession number Q9W7J5, P13495 and A8HDK6) and type III (UniProt accession number Q9W7K2, Q9W7K1, Q9W7J7, Q9W7J6) 3FTx. In a previous study, no type II 3FTxs and only a single postsynaptic neurotoxin (UniProt accession number Q9W7J6) from the α-neurotoxin type III group was found in Queensland venom sample [59] . The current study identified five new type III and two new type II (plus one previously reported in the literature) postsynaptic 3FTxs from the Queensland P. textilis specimen. However, it should be noted that the number of type II neurotoxin transcripts identified for P. textilis was only 27 (3 type II isoforms; ratio peptide:transcript 1:9) compared to 409 (5 type II isoforms; ratio peptide:transcript 1:82) and 327 (5 type II isoforms; ratio peptide:transcript 1:65) for P. aspidorhyncha and P. nuchalis respectively, which may be an indication why type II neurotoxins have not been identified in previous studies. Such a difference in peptide/ transcript ratio highlights the importance of proteome-based strategies in deconstructing venom composition. Furthermore, recent research is beginning to identify microRNA (miRNA) as an integral factor in modulating the phenotypic profile of snake venom [67, 68] . Comparing the miRNA profiles of the three Pseudonaja venom populations may provide further clues to the molecular mechanisms underlying transcriptional and translational activity of the venom gland.
The differences in primary structure amongst the 3FTxs, PLA 2 s, kunitz type protease inhibitors and natriuretic peptide toxin families from the three Pseudonaja venoms indicate a degree of intra-specific and inter-specific variation. Different venom composition can be a factor of geographical disposition along with individual, gender-specific, regional, dietary and seasonal variations [69] . Overall, the diet of these three species are similar (frogs, birds, reptiles and mammals) that may differ on a microgeographic scale [70] . The obvious difference between these species is geographical and may be a factor in the subtle variation identified between isoforms. Further research to determine any correlation between venom composition and ecological factors would require larger population studies and also include the species Pseudonaja modesta and Pseudonaja inframacula due to the lack of mammals in their diet [70] .
This study identified six 3FTx isoforms and five PLA 2 isoforms from P. textilis, P. aspidorhyncha and P. nuchalis containing an odd number of cysteine residues that may be involved in toxin complex formation via interchain disulfide bridging between toxins. For example, textilotoxin is a potent hexameric presynaptic neurotoxic PLA 2 complex consisting of six PLA 2 subunits whereby subunit D consists of two covalently linked polypeptide chains; each consisting of 133 residues [56, 71] . Irditoxin is a covalently linked heterodimeric 3FTx isolated from Boiga irregularis with each peptide containing 11 cysteine residues [32] . Additionally, a number of Type II 3FTxs containing nine cysteine residues were identified from the transcriptome of Pseudonaja modesta recently [14] . Further, these toxins containing an odd-number of cysteine residues may also represent a new toxin class. A recent study identified the conotoxin, μO §-conotoxin GVIIJ, which contains seven cysteine residues where the extra cysteine was post-translationally modified and was involved in inhibiting Na V 1-channels [72] .
Novel glycosylated natriuretic peptides containing a hexose-Nacetyl hexosamine and sialic acid were identified in P. aspidorhyncha and P. nuchalis venom. An O-linked glycosylated natriuretic peptide isolated from Tropidechis carinatus showed drug lead potential by demonstrating bi-functionality to both NPR-A and NPR-B natriuretic peptide receptors [51] . Furthermore, the peptide showed α-helix secondary structure and relative stability in plasma and trypsin solution. Interestingly, P. aspidorhyncha and P. nuchalis natriuretic peptides contain a C-terminal threonine residue surrounded by proline residues (PK/NPTPAGS) similar to the T. carinatus natriuretic peptide that may indicate the trisaccharide is localized at the C-terminus (Fig. 4) . Further investigations are warranted to determine whether the glycan plays a structural or functional role for this toxin class.
Comparing the various isoform sequences of all toxin families from P. textilis, P. aspidorhyncha and P. nuchalis identified inter-specific variation within the Pseudonaja clade and exemplified the influence of adaptive selection on the evolution of these toxin types. While most families evolved under the influence of positive selection, natriuretic peptides were surprisingly found to have evolved under the constraints of negative selection. Similarly, PLA 2 s in P. aspidorhyncha experienced a significant influence of negative selection, while the same toxin type evolved rapidly in P. textilis and P. nuchalis. However, several episodically adaptive sites were found in PLA 2 s of P. aspidorhyncha, suggesting that certain sites in PLA 2 s of this species undergo episodic molecular fine-tuning. Thus, the molecular evolutionary assessments in this study unraveled several fascinating insights into the interspecific variation in venom.
Importantly, such rich interspecific chemical diversity highlighted from the isoforms of this study needs to be screened and characterized against molecular targets. Not only is there a potential for novel bioactivity discovery but the high degree of isoform diversity may represent fine tuning of efficacy in receptor binding. Functional studies done on Australian elapid type II and type III neurotoxins identified they bind to skeletal nAChR with various EC50 values [33, 36] . The primary structure diversity identified in 3FTxs in previous studies has been attributed to contributing to prey flexibility for the snake [14] . While this may be true for the diverse diet range for Pseudonaja species; the accelerated evolution observed in 3FTxs in this study may also facilitate increased efficacy in receptor binding. However, more functional activity must be done for the various toxin families of Australian elapids, especially the type III neurotoxins.
The Pseudonaja group has traditionally been problematic concerning their taxonomic classification at the species level [15] . Recently, the P. nuchalis species was split into 3 species (P. aspidorhyncha, P mengdeni and P. nuchalis) based on karyotypes, mitochondrial DNA sequences, and a multivariate morphometric analysis [15, 16] . Overall, the transcriptome and proteome profiles of P. aspidorhyncha and P. nuchalis were similar to P. textilis, that is, prothrombin activators, PLA 2 s, kunitz type peptides, natriuretic peptides and 3FTxs were highly expressed. Hence, in the absence of LD 50 data for the western brown species, we may expect the venom of P. aspidorhyncha and P. nuchalis to be similar in action upon envenomation when compared to P. textilis by inducing cardiovascular, hemostatic and neuromuscular disruptions. Considering P. textilis is the second most venomous snake worldwide and well regarded as the most dangerous snake in Australia; both P. aspidorhyncha and P. nuchalis should be treated with equal respect.
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